The paper aims to improve existing correlations for the drag coefficient and averaged Nusselt number of an ellipsoidal particle in a fluid by additionally considering its orientation. To do so, three dimensional Immersed BoundaryLattice Boltzmman Method (IB-LBM) simulations were carried out on a classical problem where a hot stationary ellipsoidal particle was passed by continuous cold fluid flows. By changing the shape (0.25 ≤ Ar ≤ 2.5) and incident angle (0
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Background
Particulate-fluid interaction systems are ubiquitous in various industrial processes whereas present extremely complex momentum and heat transfer characteristics. Available knowledge of these characteristics to date is far from being 5 enough which generates great difficulty in the scaling design and configuration optimization. For the sake of revealing the underlying mechanisms, there are briefly three research hotspots of particular interest at distrinct scales, those are particle scale research, device (macroscopic) scale research and meso-scale research between them [1] . On one hand, all the tuning operations by the en-
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gineers are only possible to conduct at the device scale, and then the effect will be eventually imposed on each single particle through complex meso-scale interactions. On the other hand, all the events (e.g. turbulence, exchange of momentum and energy, chemical reaction, phase change and deformation of solid particles) taking place at the particle scale form various unpredictably 15 macroscopic phenomenon also via the meso-scale interactions. Therefore, to optimize the operating parameters and energy efficiency, questions remaining open at each level must be answered. In this context, accurate modelling at the particle scale is of paramount importance for preventing irrational predictions.
Recently, Zhong et al. [2, 3] have reviewed the state-of-the-art theoreti-20 cal developments and applications of the combined modelling techniques for particulate-fluid flows. As indicated by the authors [2, 3] , the drag coefficient C d and averaged Nusselt number Nu are the key parameters in the coupled calculations because they are responsible for evaluating the drag force and heat transfer, respectively. Equation 1 gives the typical formula of the drag force 25 and heat flux on a single particle while multi particle systems can be readily considered via an additional term of voidage. In Equation 1, f d is the drag force,
A is the front area, ρ is the fluid density, u c is the uniform inlet field velocity far from the particle, q is the heat flux, h e is the convective heat transfer coefficient of the fluid, S is the surface area, κ is the thermal conductivity coefficient of the 30 2 fluid, d p is the volume-equivalent sphere diameter, and T s and T f are the temperature of the solid and fluid, respectively. Note that Nu should be obtained prior to the calculation of q since h e is unknown.
= h e S(T s − T f );
It is stressed that the drag coefficient and averaged Nusselt number should be evaluated correctly enough by considering many important factors such as 35 the local fluid flow property, particle size/shape/orientation and relative motion/temperature difference between the solid and fluid [4] . To establish accurate correlations for them, several previous studies were carried out aiming to take as many factors as possible into account. However, numerous defects exist in these contributions and hence much further work is still needed. The current 40 study focuses on researching the effect of particle shape and orientation on the drag coefficient and averaged Nu at low Reynolds numbers. The investigation is motivated by the facts that [2, 3] :
• Majority of the solid particles are not regularly spherical in modern industries (over 70%).
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• Morphology plays key roles in the particle scale heat and mass transfer characteristics.
• Fundamentals governing above interactions are not well established.
Previous work
For spherical particles, the correlations of drag coefficients have been well 50 archived and surveyed in the previous literature [4, 5] . However, these correlations for spherical particles have been proven to produce large deviations when applied to non-spherical ones [3]. Hottovy and Sylvester [6] measured the settling velocity of several irregularly shaped particles and found that the drag coefficient for the non-spherical particle is comparable with the spherical one when Re < 100 but significantly higher in the rest testing range of Reynolds number (100 < Re < 3000). It is worthwhile noting that sedimentations of irregular particles in fluids (laminar or turbulent, Newtonian or non-Newtonian) were usually used for experimentally determining their drag coefficients [6, 7, 8, 9, 10, 11, 12] .
Among these works, Wang et al. [11] and Ren et al. [12] established the correla-60 tions of drag coefficients specially for the cuboid with square base and cylinders, respectively. In the meantime, various shape factors were also defined in different studies, such as the sphericity, particle circularity, Corey shape factor and aspect ratio. These parameters were employed to describe how far the irregular particle deviates from a spherical one and help those general correlations of 65 drag coefficients proposed [13, 14, 9, 10, 15 ] without specifying the exact particle morphology or orientation.
In addition to the direct experimental measurements, particle-scale numerical simulations have also been carried out for expanding the database of the drag coefficient. Unlike the experimental studies, flow over solid obstacles is 70 the popular cases for the numerical investigations. It is reported by Bokkers et al. [16] that, with respect to predict the bubble formation in fluidized beds, using the drag coefficient derived from the lattice Boltzmann method (LBM) simulation [17] produces even better results than using the experiment-based ones [18, 19] structures and proposed novel correlations [24, 25] . Zhou and Fan examined the effect of spherical particle rotation on flows in ordered and random arrays of mono-disperse spheres at low [26] and moderate [27] Reynolds numbers, respectively. As for non-spherical particles, Hölzer and Sommerfeld considered six particle shapes as well as particle rotation in uniform and shear flows and correlation proposed from two-dimensional simulations to investigate the heat transfer in three-dimensional packed and fluidized beds of ellipsoidal particles.
Therefore, there is a great need to fill this knowledge gap.
The current paper conducts three-dimensional LBM simulations to investigate the momentum and heat transfer characterstics of ellipsoidal particles in a 
Lattice Boltzmann method
Detailed governing equations and numerical issues can be found in our previous works [39, 40] and thus only the governing equations of LBM are brief introduced here followed by the IBM. In this study, we adopt the D3Q15 model [41] 145 to mimic the heat and mass transfer behaviour of an incompressible Newtonian fluid. The governing equations are the dual distribution models proposed by He
where f α (r, t) and g α (r, t) represent the fluid density and temperature distribution functions, respectively. In the D3Q15 model, the lattice velocity e α (±c, ±c, ±c). α = 7, 8, 9, 10, 11, 12, 13, 14
where c is the lattice speed. The superscript eq in Equation 2 means equilibrium
where r is the space position vector, e α is the fluid velocity, δ t is the discrete time step. The values of the weights are: ω 0 = 2/9, ω α = 1/9 for α = 1 − 6
and ω α = 1/72 for α = 7 − 14, u denotes the macro fluid velocity at each 155 lattice node which can be calculated by u = (
f α and the macro temperature can be calculated by
g α e α + 1 2 Q B δ t . t denotes time, τ f and τ g denote the non-dimensional 7 relaxation times of the density and temperature evolutions, respectively, which can be expressed as
where c s is the lattice speed of sound, L c and u c are the characteristic length and velocity, respectively. Re = ρu c L c /µ and P r = c p µ/κ are the Reynolds and Prandtl numbers, respectively. c p and µ are the specific heat capacity and kinetic viscosity, respectively. F α and G α in Equation 2 are the source terms which are evaluated via the IBM in Section 2.2. 
Immersed boundary method
In this study, the momentum exchange-based IBM proposed by Niu et al. [43] is adopted to treat the boundary conditions on the particle surface. Firstly, we introduce an important tool, the discrete Delta function [38] 
where X l (X, Y, Z) is the solid coordinate, the subscript l denotes those variables 170 at the location of the solid particles, ∑ l stands for a loop on all the Lagrangian points on the particle surface, h is the LBM mesh spacing and
Using Equations 6 and 7, the fluid macro variables at the solid locations can be numerically obtained. Meanwhile, the effect of solid movement and temperature difference on the fluid flow can also be possibly considered. For example, the numerical interpolation from the circumambient fluid points as below
Then, these velocity and temperature distribution functions are modified by the local particle velocity and heat transfer between the two phases with different temperatures, respectively. Based on the momentum exchange rule, the source 180 terms F α and G α in Equation 2 can be calculated now as
where ∆s l is the area that each Lagrangian point occupies on the particle sur- face. The averaged Nusselt number is calculated as [44] 
where T h and T c denote the high and low temperature in the system, respectively. 
where the parametersǎ,b andč in Equation 11 are the principal semi-axes along X direction, Y direction and Z direction, respectively. It is noted that in this paper we only consider the spheroids with two equal axes,b =č, and spheroid when Ar < 1 as shown in Figure 1 .
During the IB-LBM calculation, the solid particle should be further constructed by Lagrangian points. In this paper, mesh generation on particle surface is performed based on the software package following two steps. 
CUDA introduction and parameters of platforms
For three dimensional IB-LBM simulations, the grid number is very large and the efficiency of computations on CPUs is relatively low. In this paper,
210
the in-house code is implemented based on the CPU-GPU heterogeneous architecture [45] . In the CPU-GPU heterogeneous computer system, the GPU cooperates with the CPU in the complicated calculation progress. One of the main drawbacks of using such an architecture for applications is that it is necessary to exchange data between the CPU host and the GPU device frequently.
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Data must be moved to the GPU memory, and parallel kernels are launched asynchronously on the GPU by the host. To avoid this, in the current study, the main calculations are run on the GPU, and data exchange function is called only when output data is needed. Table 1 lists the specifications of our platform.
Validation case
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Though the in-house IB-LBM code has been validated in several previous studies [46, 47] , there is a need to further validate its capability on the current application. In this paper, we consider a three dimensional duct containing a hot stationary ellipsoidal particle which is passed by continuous cold fluid flows as shown in Figure 2 . The solid particle plays a role as an obstacle to interrupt The grid independence test on the spherical case suggests that a large number of grids are needed to obtain accurate results. By considering the grid effect on both C d and averaged N u as shown in Figure 3 , we decide to adopt 'Grid-5' to conduct all the simulations which hold nearly 34M grid points. 
Ellipsoidal case
Following the study of spherical particles in the above subsection, here we test the sensitivity of drag coefficients to the particle morphology Ar, the incident angle θ and Re. We consider the cases with two kinds of Ar (0.5 and validation purpose. Figure 6 shows the drag coefficients for the flow around ellipsoidal particles at different Reynolds numbers and incident angles θ. It can be seen that, similar with the spherical case, the drag coefficient for non-spherical particles also decreases when Re increases, regardless of θ. Moreover, the high sensitivity of the drag coefficient for non-spherical particles to the changes of θ 270 is expected. For the oblate spheroids as shown in Figure 6a , at a given Re, the drag coefficient decreases with the increase of the incident angle but the opposite is true for the prolate ones in Figure 6b . This is because the front area of the oblate spheroid is the largest when θ = 0
• which gradually decreases when further increasing θ. As for the prolate one, the front area is the largest when this 275 long body stands up, so the blocking effect is strongly enhanced when θ = 90
• .
Our numerical results show good agreements with those of Rong et al. [29] also based on LBM simulations. The predicted drag coefficients by Haider et al. [50] based on the experimental data are also attached in the figure for comparison.
It is important to point out that Haider et al. [50] used the sphericity φ to de-280 scribe the particle shape which is a coarse approximation of the exact particle morphology (prolate or oblate) and thus considering the incident angle is not possible in the model.
Through two steps of validations, the capability of the current model is demonstrated. Influence of different factors on the drag coefficient and averaged
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Nusselt number will be discussed in detail in the following sections. temperature distribution is a good indication for the overall performance of the whole system. Figure 7 shows the temperature distributions at Re = 50 as a decided to construct the new correlation for the drag coefficient based on the forms suggested by [59, 33, 34 ]
Results and discussions
Particularly, the effect of the incident angle, ζ = θπ/180
• , should be easily peeled off and added in for those specified applications. Therefore, the new 330 formula for the drag coefficient is given as
Through a regression analysis on the data in Figure 8 , the unknown coefficients Quantitative comparisons can be found in Figure 11 , and the averaged relative deviation is ε C d = 2.1%. 
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• . This influence trend of θ is enhanced when increasing Re. However, for the oblate spheroid, Nu declines with the increase of Ar for all the considered incident angles. It is observed from the numerical results that at a given Re and Ar, Nu for the oblate spheroid decreases with the increase of θ when Ar = 0.5 but increases with θ when Ar = 0.25.
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We also consider a simple formula for the averaged Nusselt number [58]
The new formula for the averaged Nusselt number is given as 
